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RECENT APPLICATIONS OF 13C NMR SPECTROSCOPY TO BIOLOGICAL SYSTEMS
N. A. Matwiyoff

Los Alamos National Laboratory, University of California
Los Alamos, New Mexico 87545 (U.S.A.)

Abstract

Carbon-13 nuclear magnetic resonance (nmr) spectroscopy, in conjunction
with carbon-13 labeling, is a powerfui new analytical technique for the study
of metabolic pathways and structural components in intact organelles, cells,
and tissues. The technique can provide, rapidly and non-destructively, unique
information about: the architecture and dynamics of structural components; the
rature of the intracellular environment; and metabolic pathways and relative
fluxes of individual carbon atoms. With the aid of results recently ohtained
by us and those reported by a number of other laboratories, the problems and
potentialities of the technigue will be reviewed with emphasis on: the
viscosities of intracellular fluids, the structure and dynamics of the compo-
nents of membranes; and the primary and sacondary metabolic pathways of cirbon

in microorganisms, plants, and mammalian cells in culture.
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INTRODUCTION

Carbon-13 nuclear magnetic resonance (nmr) spectroscopy, in conjunction
with carbon-13 labeling, has become an important analytical technique for the
study of blological systems and biologically important molecules. The growing
list of its well established applications to isolated molecules in solution
includes the investigation of: metabolic pathways; the microenvironments of
1igands bound to proteins; the architecture and dynamics of macromolecules;
the structures of coenzymes and other natural products; and the mechanisms
of reactions. Recently interest has been reawakened in the use of the technicue
for the study of metabolic pathways and structural components in intact 13

c

nmr spectroscopy and ]30 labeling in such investigations can be illustrated

organelles, cells, and tissues. The promise and problems in the use of

by the results of some early work on suspensions of the yeast, Candida utilis

(1,2).

keproduced in Fig. 1 is a set of 13

C nmr spectra of a thick suspension

of C. utilis cells to which [1-]36] glucose had bheen added.(]) These spectra
show that, despite the high viscosity and heterogeniety of the suspension, the
relaxation times of I3C are favorable cnough to allow the time course to he
traced for the anaerobic metabolisn of the » and .. anomers of glucose (e) to
the end product ethanol (m). In additlon, the spectra revealed that an inter-
mediate metahbalite, later identified as trehalose (3), slowly accumulates and
cells themselves skown in Fig ?b s also of remarkably high resolution, allow-
Ing the assignment of the major resonances Lo the Talty actd and choline restdues
of the lipids 1n the cell membranes and the qlycoside residues of the cell
well (1), later ]3C relaxation time studies (?) of the mombranes revealed a
gradient of increased mobility from Lthe glycerol backbone of the 1ipids toward
the terminal methyl geoups of the fatly acids and the choline head groups, and
further that proteip=1ipid interactions make a negligible contribution to the
mobil ity qradient.,
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Despite the promise of the technique as revealed by these and other
early studies, relatively 1ittle work on intact systems was done in the period
following. This was due no doubt to a combination of circumstances including:
(a) lack of suitably sensitive instrumentation in many laboratories; (b) the
scarcity and expense of appropriate ]3C labeled precursors; (c) the limited
access of nmr spectroscopists to biochemists and micrebiologists who could
provide yuidance on the selective labeling of the extremely comple:x cells and
tissues (vide infra); and (d) nmr spectroscopists with the appropriate instru-
mentation were directing their attention to developing a data base for the study
of biologically interesting macromolecules. As noted earlier, this situation
has begun to change and, in the following discussion, we review briefly recent
progress in this rapidly growing field.

METABOLIC PATHWAYS

Spurred mainly by the increased availability of sensitive high field
spectrometers, the study of metabolic pathways in intact cells has increascd
dramatically in recent years. Illustrative examples of this work are summarized
in Table I. For the purposes of examining some of the detailed information
obtainable 1n such studies, we will first explore some recent work (13) we have
been doing with Microbacturium ammoniaphilum and then discuss the significant
highlights of the work summarized in Table I.

]3C nmr

Our work with Microbacterium ammoniaphilum had its origins in the continuing
program at the Los Alamos Mational Laboratory on ihe usc of microorganisms for the
large scale synthesis of natural products, uniformly or specificaily laheled
with carbon-13. The focus of this research work at present 1s on those L-amino
acids for which ef [cient orgunic synthesis methods are not now available and
for which there is a nced in human metabolic and nutritionai studies and in
the 1nvestigation of the structure and dynamics of enzymes enriched with labeled
amino acidy. M ammoniaphilum was one of the microorqanisms selocted for carly
study because 1t produces glutamic acid in a 35-40" yleld from glucose and will
a1s0 use acetate as a substrate for glutamate production (14). In addition
to optimizing the incorportation of the ]3C label from glucose or acelate inlo
glutamate, a matter of practical concerr to us for some mass spectrometric and
mir studies 15 the degree to which the label becomes randomized in glutamate
due to the flux of qlucose and acetate metabolites through various pools,

The major metabolic palhways for glucose and acctate leading to glutamate
production in Lhis microorqanism are summar ized in Fig. 3. As noted in the
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figure caption, the flow of [1-]3C] glucose metabolites to o -ketoglutarate
and glutamate through part of the TCA or GS cycles will result in specifically
labeled products but that those formed from intermediates experiencing one or
more turns of these cycles will nave a more random and complex distribution of
the ]3C label. Summarized in Fig. 4 is the time dependence of the 130 spectra
of a suspension of M. ammoniaphilum containing [1-13C] glucose and near the

stationary phase of growth. Since the production of glutamate in large quantities
by this microorganism does not begin until that stage is attaired (14), the
initial growth was accomplished with natural abundance glucose to minimize loss

of the 13 13
bicarbonate, glutamate, succinate, and lactate, the spectra in Fig. 4 exhibit

C label. In addition to the expected resonances from “C enriched
prominent peaks from two unusual 13C labeled products which are eventually
consumed, trehalose and glucosylamine. The accumulation of trehalose, which

13C

presumably functions as a storage carbohydrate, has been observed previously by
NMR in growing ycast (1,3) and differentiating amoeba cultures (15). To our
knowledge, glucosylamine formation in cell culture has nnt been ohserved and, at
present, we do not know whether 1ts synthesis i1s under enzyme control and what
role it plays in the control of glucose or nitrogen metabolism. T[he formation
of lactate and succinate by M amroniaphilum depends on the oxyger. tension which,
for the cultures appropriate to Fig. 4, fell sharply in the later stages of
glucose consumption, As 1llustrated in Fig. 5, the lactate and succinate levels
of fully acrated cultures are sharply reduced.

The C-2, C-3, and C-4 glutamate resonances in Figs. 4 and 5 are predomipately

singlets sugqgesting that either: (a) There 1s a low incorporation of IJC

13c_13c and 13c_13c_13c

occupations whose scalar interactions would result in 13(‘. multiplets; or

resulting in a small probability of neighboring

(b) The IJC incorporation is high and results from those blosynthetic pathways
discussed earlier, which introduce the label into specific sites with a mintmum
of radomigation. The proton spectrum reproduced in Fig. 6 demonstrates clearly
that the latter choice is the correct one.  Indeed, the pioton NMR data suggest
that the e population at C=4 of qlutamate (I87) approaches that Lheoretically
possible (4% ) if all the ([3-]3C (45 atom )]) pyruvate resulting from

[l-'jc(ﬂu atom )] qlucose motabolism were Incorporated into C-4 via the first third
of the Krebs cycle (see captions, Fig, 3). By combining the proton and carbon-i3
NMR data and assuming that only the pathways f1lustrated in Fig. 3 are operative,
one can caleulate Lhat the rolative contribution of the metabolic routes to the
labeling of qlutamate fs that semmarizod in Fig. 7 A noteworthy awpect rovealed
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13
C at C-2 and C-3 and

€C-3 and C-4 of glutanate is only possible via multiple turns of the Krebs or

this analysis is that the simultaneous occupation of

glyoxylate cycles. The lack of pronounced multiplets in the 130 spectra

of labeled glutamate rule out the singie or multiple turns as predominant

events in the processing of glucose metabolites by the cells. This point, which
is emphasized fuc~ther in Fig. 8, should serve as a caution to those who seek to
extract labeling probabilities solely from a comparison of multiplet to singlet

intensities in 13

C NMR spactra--as we have observed previously (5), the technique
generally will work only if the labeling of the carbon atoms giving rise to the -
multiplet (s) is random. A special case is illustrated in Fig. 9

The studies summarized in Table I address a number of interesting and
important questions in metabolism but space will allow only a brief discussion
of a few illustrative examples. In the study of Deslaurier et al (12) on the
degradation of ]30 labeled enkephalin and enkephalinamide by neuroblastoma X
gl ioma hybrids, the intent was to analyze the conformation of those neuroactive
peptides when bound to the opiate receptors of the cells. Instead, and despite
reports of successful studies of the binding of ecukephalins to ncuroblastoma X
13C NMR studies of [3[2-]3C] qlycine]

methionine--enkephal inamide showed unequivocally that the peptide is extensively
13

glioma cells using other techniques, the
degraded and the authors concludad that “C NMR studies of opioid peptide-receptor
interactions will require the use of metabolically stable analogs. Tne study of
Oyino et al (10) on the metabolic requlations and pyruvate transport in anacrobic

L. coli cells i of special interest because only the signals of metabolites

which had diffused through the cell membrane and accumulated in the medium were
obeerved, thus allowing the evaluation of the effect of perturbations to the

cell on the influx and egress of pyruvate In onc of the extensive series of

studies by Shulman  and co-workers (6, 7, 9), an intact mouse liver f11ling the

radio frequency ceil space of an nme spectrometer, was perfused with nutrients
containing [3-|3C] alanine and [?-]1C] cthanol and Lhe Lime course of the

effects of ethanol on the metebolism of the glucogenic aminn acid were studioed

In detall, Iacluding the effect on the {low of the Tabel into various metabolites of:
mi tochondrial and cytosolle fumarase activity, operation of the pentose cycle; and
Lhe artivitios of gqlutamine synthetase and pyruvate carboxylase, Considering the
utdlity of the studies discussed above and summarized in Table I, we oxpect that
stadicys of the metabolism of |1C labeled substrates in cells, Lissues, and organs

1., '
hy ‘ CAMR spectroscopy will continue Lo expand rapldly,  Looking to additional
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areas of application of the technique in the future, we felt that a particularly
promising one 1s in the area of biochemical genetic analyéis of mutant mammalian
cells by 130 tracing experiments to establish the precise site(s) of the
biochemical block(s) where 136 intermediate(s) accumulate in mutants produced by
radiation and environmental chemicals.
STRUCTURAL COMPONENTS OF INTACT CELLS AND TISSUES

The 3¢ spectrum of the c. utilis membranes reproduced in Fig. 2b allows
one to extract only the average chemical shift and relaxation data for a system
which 1s markedly heterogeneous. Studies of more general utility must make use
of selected biosynthetic pathways to label specific sites or structural elements
for 13C nmr investigations on intact cells and tissues or on component reconstituted
macromolecular assemblages. Recently there has bcen an increasing amount of
work directed to that end, i1llustrative examples of which are summarized in Table 2.
In an carly study (18), mice were kept on a histidine deficient diet supplemented
with [2-]3C] histidine for a red hlood cell life time with a consequent specific
|3C enrichment of the histidine residues of the red bhlood cell hemoglobin.
Subsequent 13C relaxation stucdies of the hemoglobin within the cell showed that
the viscosity of the intracellular fluid 1s similar to that of water. A similar
retult was obtained in a related study of frog muscle labeled with 13
gly:cine.

C enriched

In an extensive series of studies, Van Deenen and co-workers (20) were able
to highls label the phosphatidylcholine of red blood cell, 1liver microsome
and saccoplasmic reticulum membranes of rats fod a choline deficient diet supple-
mented with [Mn3-|3c] choline for @ period of eight days. ]3C e studies of
the muscle microsomes revealed an asymmotric distribution of phosphatidyl cheline
hetween the inner (607) and outer (40 ) surfaces of the membranes of the
sarcoplasmic reticulum. This asymmetry is oppesite to that found for erythrocytes
avd may be related to the fact that the former are ondoplasmic membranes whose
outer surface corresponds to the inner surface of plasma membrancs. That same
group has used reconstituted nacromolecular assemblages to study the permiability
barviers in larqge unilamellar glycophorin containing vesicles of [Mvn-ljc]
phosphalidyl choline and have found that the barrier properties of qlycophorin
containing hilayers of phosphatidyl choline can be restored by 10 mol .
phosphatidylethanolamine or 1ysophosphatidylcho, fue,

A final {1Tustration of the broad range and qeeat promise of the experiment s
being conducted in this area Is the study of de Wil ond co=workers (7)) who
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enriched tobacco mosaic virus and its proteins to the 12 atom ¥ 13
13

C level using
CO2 as the carbon source. In addition to developing some interesting conclusions
about the interaction between RNA and protein, these workers observed that the
13
c

atoms at all sites within the disks which were formed in solutions of .1-.2 1onic

double disks formed by the proteins in the absence of RNA contain mobile

strengths. In contrast, X-Ray data for crystals of stacks of double disks obtaincd
from 0.8 ionic strength solutions indicate that the motion of the carbon atoms

is highly restricted. Thus there are important structural differences between the
crystals studied by X-Ray and the disks formed in solution near the physiological
ionic strength, a conclusion strengthened by the NMR observation that there is

an increasing degree of immobilization of the carbon atoms in the double disklike
cligemers as the ionic strength increases.
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TABLE I

TLLUSTRATIVE =72 LUCLEAR MAGRETIC RESONANCE STUDIES OF METABOLISM IN INTACT CELLS AND TISSUES
Syste 1‘3C Labteled Substrate Jdbservations Reference
Soybean 13c32 Early Label Appears in Sugars and Lipids; fa
At Later Stages Of Metabolism, Sugar Label
Is Shuttled Into Lipids.
~nacystis hidulans, Blue 13202 Significant Dark Respiration Contributes 5a
Green Alga To The COp Pool Available For The Synthesis
Of Galactosyl Glycerol.
zschericnia coli, Bacterius; [1-13C] Glucose and Different Rates for - And B-Glucose 6,7
Saccharcmyces cerevisiae, 16-13¢C] Glucose Translocation; Flux Of Carbon Through Most
Yeast Glycolysis Intermediates To End Products
Evaluated; ..- and 2- Fructose Biphosphates
Are In Anomeric Equilibrium; in Yeast, But
Not In Bacterium, Aldolose-Triose Phosphate
Isomerase Triangle Is Near Equilibrium.
Srodooseudorc::as spneroides; [5-13C] EminoLevulinic Direct Denionstration Of Porphyrinogen 8
rrecionitacterium shermanii hcid SALA) Intermediates In Porphyrin Biosynthesis.
[11-13C] Porphobilinogen
(P3G)
Rat *Hecatocytes, normal [2-13C] Glycerol, 1.3-1302] Gluconeogenesis From Alanine And Glycerol; - 9a
and =Hygpertnyroid Glycerol, and [3-1 Cl Hyperthyroid Rat Cells Show An Increased
Alanine Activity Of Mitochondrial Glycerol Phosphate
Dehydroyenase Resulting in Enhanced
Gluconeogenesis.
Escnerichia cal1 [1-13C] Glucose Uptake And Efflux Df Pyruvate Affected By 10

pH Of Medium And Will Occur Against Osmotic
Gradient. Proton Conductive Uncouplers
Inhibit Pyruvate Uptake.

-6-



TABLE [ (contd.)

Systen 13C Labeled Substrate Observations Reference
trythrocytes [1-13C] Glucose Label From Glucose Incorporated Into 11
Diphosphogiycerate And Lactate.
12

Neurablastoma X Glioma
Cells

[3(2-13C]-G}ycine( Cells Degrade Enkephalinamide To A
Methionine-Enkephalinamide

Mixture Of Peptides And rree Glycine.

-0[-



TABLE II

Lipid Line Widths Are Small and Characteristic
of Isotropic Phases.

TLLUSTAATIVE 135 WCLEAR MAGKETIC RESONANCE STUDIES 9OF 13C LABELED MACROMOLECULAR ASSEMBLAGES
Syster 13¢ Labeled Precursor ) Observations Reference

~choieclasza me~hrane {1-13C1 Malmitic &cid gulk Membrane Lipids Behave As If In Simple 16
Bilayer Structures.

iesicular Stomatitis tirions [11-13C] Oleic Acid Motions Of Lipids In Virion Envelope Are More 17

(ve-13C1 crolire Restricted Than Those In Liposomes.
- s I G eigs . .

M3use Zrytrrocytes _2-'361 Histidine Intracellular Viscosity Experienced By Hemo- 18
globin Is Only S1ightly Higher Than That Of
Water.

1
~ureccasizium zuliulans [1-13C] And {2-'3C] Acetic Dynamic Behavior Of Membrane Lipids 19
~cid Similar To That In Model Membranes.

Sarccziasic 2eticulun iHe-13C] Choline Asymnetric Distribution Equilibrium of 20

Mz ranes Lysophosphatidyl Choline Between Inner And
Duter Sarcoplasmic Reticulum Membranes Is
Established Rapidly. '

Frog Muscie {1-1361 Glvcine Motion Of Glycine Provides No Evidence For 21 T
Special Organization Of Intracellular Hater.

Tozacss Yosaic Virus 13C92 Significant Rotational Motion Occurs For 22
Proteins Within TMV And In Protein Oligomers.

=rszzngizid Vesicles [13C] Peptides Gramicidin Channel In Phosphatidyl Choline 23
Yasicles Consists Of An HHZ-Terminal To
dHy-Terminal Dimer.

Sat Zrytmrecyts, =ndorlasric, [?e-1323] Chnline 13C Line Widths Of Erthythrocyte Membrane 24

Fac Sarecclas~ic 2eticulun Lipids Are Typical For A Lamellar Arrange-

¥Yz-oranes rment But For Endoplasmic Reticulum Membranes
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T~3L2 II {contd.)

135 Laseled Precursar

Observations Reference

Fat' Fragrens of
anti-zs iy L-2lanina)

~ntizccies

Smaszraiizid JYesicles

etra-L-Alanine

[ ]
-4

:a-13¢1 Cholesterol

13¢ | ne Widths Indicate That Methyl Groups

Of The Tetrapeptide Are Free to Rotate In

The Antibody-Hapten Complex With The Peptide
Backbone Firmly Bound And In The Slow Exchange
Limit

Cho]esterol Relaxation Data Are Consistent
With A 10-10 s correlatior Time For Axial
Rotation In The fesicle While The Axial
2otation Of The Phospholipid Molecule Is
13-100 Times Slower

25

26
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FIGURE_CAPTIONS

Fig. 1. Proton Noise Decoupled, Fourier Transform ]3C NMR (25.2M¥§) Spectra
Obtain?g During Metabolism of the 3 -and ..-Anomers of [1 “C] Gluﬁgse (o)
to [2-"'7C] Ethanol (m) with the Intermediate Formation of [1,1'-""C]
Trehalose (&) by a Suspension of C. utilis Cells; And Plots of the
Relative Intensities of the Labeled Glucose Ethanol, and Trehalose
Resonances as a Function of Time: a) 500 pulses, 3-7 min. after
initiation cf metabolism; b) 500 pulses, 12-16 min.; c) 1500 pulses,
28-42 min.; d) 1500 pulses, 56-~70 min.; e) 1500 min., 83-99 min.
Spectra obtained during the initial time period exhibited only the
resonances (o) coTsespnnd1ng to the C-1 of the B- and .- anomers of
the substrate [1-"°C] glucose. Spectra obtained in the time periods
(d) and (e) exhibited prominent resonances corresponding to C-1 of
trahalose (4) and C-2 of ethanol (u) togetheTBHith natual ahundance
signals of glucose and C. utilis cells, and '“C enriched resonances
of transient intermediates. Due to the low sensitivity, these could
not be identified uniquivocally.

Fig. 2. Proton Noise Decoupled Fourier Transform 13C NMR (25.2 MHZ) Spectra
of Candida Utilis Cells Enriched to the 20 atom * Level with
[1,2-"7C, (20 atom :)] Acetate: (a) Cells Suspended 1n D,0, 995
pulses; ?b) Tellular components remaining after exhaustivg extraction
with D,0,10,00 pulses; and (c) Water soluble components released
by the*osmotic shock of (b), 1082 pulses.

Fig. 3. Major Metabolic Pathways in M. ammoniaphilum Involving Glucoge,
Acetate, and Glutamate. Glucose Labeled at C-1 produces [3- “C] pyruvate
via the Enbden-Meyerhof pathway (LMP) and un1a?51ed pyruvate
via the hexose monophosphate shunt (HMS). [3-""C] pyruvate
cnters]ghc tricarboxylic acid (TCA)3and glyoxylate shunt (GS) cycles
as [3-'7C] oxaloacet*&n and/or [2-"7C] jqetate and can result 1n]3
the formation of [2-""C] qlutamate, [4- “C] glutamale, and [2,4-""(C]
glutamate via -ketoglutarate formed in a third of a turn of the
TCA cycle. Formation of qlutamate after one or more turns o the
TCA cycle will tend Lo randomize the label because of Lhe formation
of the symetrical intermediates succinate and fumarate. In
particular, €-4 and -3 will interchange In one turn, as will €-2?
and C-1, Similar scrambling will occur through the flow of citrate
through the glyoxylate cy:le.

Iig. 4.  Time Dependencs OF The Proton Decouplaed Fourder Treansform ‘3C NMR
Spectrean (25.2,807) 0 A Suspension O M, ammolaphilum Inftially
during the 0-2 hr. metabolism poviod; T8 ., during the 7-9 he,
vqund; and T 20.% he,, during the 19.5-21 5% perlod.  Lnriched

"Coreggnances are: HCOL-1ong Gle, (97.0 ppm) - nn*‘-(01.4 ppm)=C-1
of T1-""C] elucoses T (9.2 ppm), C=1 of ., =[1,1'=77¢,] trehaloso;
Git, €2 (50.0), C-4 (34.6) and €=1 ("8.3) of qlutamates S, C-0.3 (. 1)
of syectnaloy Ly C=3 (M101) of lactatey and GA, B (86.2) and  (R4,1)
C-1 ot gluconylamine,  In the T 1 o and 8 e, spectrum the glucose
C=1 resonances are truncated and the natwral abundance qlucose
roesone es o dare apparent .,
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Time Dependence Of The Proton Decoupled Fourier Transform 13C NMR

Spectra (25.2 MHz) Of The Supernat? Of Fully Aerated M. ammoniaphilum

In Cultures Initially Grown On [1-13C (90 atoms “)] GTucose. Samples
were withdrawn from the cultures and the cells removed by centrifugation
at the times indicated. See also the caption to Fig. 4.

Proton NMR Spectram (360 MHS ) of [1,2, 3 4-1 Cq] Glutamate Derived From M.
ammoniaphilum Grown On [1- (90 atom )] Glucose. For each proton, the
center of the multiplet arnses from 12C H moieties with fine structure
caused by H-H sia1ar interactions. The doublets with simila~_fine structure
3xe due to the 13C-H splitting from moieties containing the 13C label. The

C populations calculated from the ratio of the doubiet to the sinqlet
intensities are: C-2, 34%; C-4, 38"; and C-4, 147,

Labeling Pattways For The Incorgoration Of 13¢ Into C-2, C-3, And C-4 Of
L-Glutamate Derived From D-[1-'°C] Glucose. Abreviations are: PEP,
phoighoena1pyruvate; O0AA, oxaloactate; and Inten, the fractional population

%t the site designated. The data are consistent also with studies
of |6 C] glucosae. The results are averayes, there being evidence of a
time dependence of the relative contributions.

Proton Tecoupled 13C NMR Spectrum (?25.2 MHz) 8f l1.2,3.4-1304] Glutamate
Cerived From M. ammonialphilum Crown On [1-13¢(90 atom *3| Glucose. The
spectrum illustrates the non-vandow distribution of the 13C label among
the C-2, C-3, and C-4 sites. If the label were distributed randomly with
the 13C abundances derived from the spectra in Fig. 6 then, for cxample,

the C-1 and C-2 signals should consist of approximate i:2:1 multiplets,

Proton Necoupled 13C NMR (25.2 Miz) SpectruT 0f [1, 5-1 | Glutamate
Obtained From M. ammoniaphiium Grown On |1 L(/h acom ‘3| Acetate. The
cells were grown on natural ahundanco glucose for 24 hrs., and then trans-
ferred to the medium containing [1-13C] acetate and cultured for an
additional 96 hrs. Only C-1 and_C-5 are labeled. From the multiplet to
singlet intensitios of C-4, the 13C enrichment at C-5 i, calculated to

be 70 _atom .  From the corresponding intensities for the C-2 resonance,
the 13¢ envichment at C-1 is calculated to be =35 atom .. Dilution of
the Tabel at €-2 occurs through decarboxylation in one turn of the TCA
cycle,
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POSSIBLE LABELING PATTERNS FOR C—2 C—3 AND C_4
OF L-GLUTAMATE DERIVED FROM D - [1 — 3C] GLUCOSE

Pathway
Designation

X

Labeling Pathway
Pattern Source of Labeling %o
* *
C, —C; — Cq PEP — OAA — Glutamate 6Q0%
Via 1st third of Krebs Cycle
C2 - 53 - 84 Single turn of the Krebs 30%
CZ —C3 — Cq or Glyoxalate cycle
C, - C; -C, Multiple turns of the Krebs 10%

or Glyoxalate cycle

C—2Intensity =a (x+Y/2+ 2)

C—3 Intensity =« (Y/2 + Z)

C—4 Intensity =a (x+Y + 2)
Normalize X+Y+2=1

LOS ALAMOS NATIONAL. LABORATORY
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